We have reported that lactobionic acid is produced from lactose by Acetobacter orientalis in traditional Caucasian fermented milk. To maximize the application of lactobionic acid, we investigated favorable conditions for the preparation of resting A. orientalis cells and lactose oxidation. The resting cells, prepared under the most favorable conditions, effectively oxidized 2-10% lactose at 97.2 to 99.7 mol % yield.
Lactobionic acid (-D-galactopyranosyl-(1!4)-Dgluconic acid, LacA) is used as an ingredient in an organ preservative solution and in the antibiotic erythromycin lactobionate. [1] [2] [3] It has been reported to increase intestinal calcium absorption, 4, 5) suggesting that it might be possible to use LacA for health benefit in foods. There have been a number of studies focusing on lactose-oxidizing bacteria, [6] [7] [8] [9] [10] [11] fungi, [12] [13] [14] [15] [16] [17] and red algae. 18) Most of these organisms, however, are difficult to use in the production of LacA for foods. In our previous study, we confirmed the occurrence of LacA in traditional Caucasian fermented milk, so called ''Caspian Sea yogurt'' in Japan, and Acetobacter orientalis, one of the main bacteria involved in fermentation of the yogurt, was involved in LacA production in the yogurt. 19, 20) In this paper, we report the production of LacA by resting cells of A. orientalis.
A. orientalis strain KYG22, isolated from Caucasian yogurt (Fujicco), was cultivated in YPGL medium (0.5% yeast extract, 0.5% polypepton, 0.5% D-glucose, 0.5% lactose, 0.1% magnesium sulfate heptahydrate, pH not adjusted). 19) In all of the experiments, the bacterium was pre-cultivated in 5 mL of YPGL medium in test tube at 240 oscillation/min at 27 C for 2 d, and 1/100 volume of the preculture was transferred to the main culture broth. The cells were cultivated in 100 mL of the medium in a shaking flask (500 mL) at 27 C with shaking (120 oscillation/min). They were collected by centrifuge and washed 0.75% NaCl twice. The pellet of the cells was used as resting cells. Lactose oxidizing activity was measured as follows: The resting cells were incubated with 0.2 M D-glucose in 0.1 M acetate buffer (pH 5.5) at 40 C for 10 min. One tenth volume of 1.0 N NaOH and 1.0 N HCl was added to stop the reaction. D-Gluconic acid production was measured using an F-kit (D-Gluconic acid/D-glucono--lactone; F. Hoffmann-La Roche, Basel, Switzerland). At the early stage, it was difficult to measure activity using lactose as substrate, because the activity of the cells against lactose was too low to detect. Hence we used D-glucose as substrate. The experiments after screening of the cultivation conditions indicated there was a correlation between activity against D-glucose and LacA production over the 8-h reaction.
The activities of the resting cells, cultivated in YPGL medium, increased up to 2 d of cultivation and decreased after 3 d. The bacterium was cultivated in the media using various carbon sources, such as 1% D-glucose, D-galactose, lactose, maltose, and sucrose, instead of YPGL medium, for 2 d. The cells in YPGL medium (0.5% lactose-0.5% D-glucose) showed the highest activity, 0.42 U/mL (OD 660 ¼ 0:93, pH 4.0, n ¼ 2). The activities and growth of the cells cultivated with the other carbon sources were about half of the YPGLinduced values, 0.16-0.22 U/mL (n ¼ 2) and 0.39-0.44 respectively. The media containing D-glucose did not induce activity from the resting cells because the pH had shifted to an acidic value (pH 3.6). The addition of CaCO 3 to the medium prevented the shift in pH and resulted in oxidizing activity (0.17 U/mL, pH 6.4, n ¼ 2). Furthermore, the pH of the YPGL medium (pH 4.0) was also lower than those of the other carbon sources (pH 5.0-6.5). D-Gluconic acid and acetic acid (a metabolite of D-glucose) production were probably the major cause of the shift in pH. The increased of D-glucose concentration in the medium almost certainly promoted acid production in the culture, and hence CaCO 3 , at an equimolar amount of carbon source, was added in the following experiments. A. orientalis was cultivated using 1.0% of various nitrogen sources, including Polypepton (Nihon Pharmaceutical, Tokyo), yeast extracts D-3 (Nihon Pharmaceutical), and extract bonito (Wako Pure Chemical Industries, Osaka, Japan). These experiments produced oxidizing activity of 0.30, y To whom correspondence should be addressed. Tel: +81-6-6963-8071; Fax: +81-6-6963-8079; E-mail: kiryu@omtri.or.jp Abbreviations: LacA, lactobionic acid; YPGL medium, yeast extract-polypepton-D-glucose-lactose medium; YPBGL medium, yeast extractpolypepton-bonito-D-glucose-lactose medium; HPAEC-PAD, high performance anion exchange chromatography with pulsed amperometric detection Biosci. Biotechnol. Biochem., 76 (2), 361-363, 2012 Note 0.22, and 0.21 U/mL (n ¼ 2) respectively. Various concentrations of the carbon sources were mixed with a medium consisting of 0.5% extract bonito, 0.5% yeast extracts, 0.1% magnesium sulfate heptahydrate, and CaCO 3 (equimolar the carbon sources). As shown in Table 1 , the most preferable lactose: D-glucose ratio was 1:1, and high concentrations of the carbon source were most effective. When the bacterium was cultivated in a 10% carbon source medium, it showed higher activity than a 5% medium, although cell growth was almost the same. Furthermore, polypepton, yeast extract and extract bonito were mixed at various ratios and concentrations (0.5 to 4%). The most effective nitrogen source composition was 2% polypepton, 2% yeast extract and 0.5% extract bonito, and the activity and growth were 6:0 AE 1:2 U/mL (n ¼ 3, p < 0:05) and 5.8 respectively. The effects of metal ions were investigated by cultivating the bacterium in a medium containing 10% Dglucose, 10% lactose, 2% polypeptone, 2% yeast extract, 0.5% extract bonito, 8% CaCO 3 , and various metal ions. When 2 mM magnesium sulfate was replaced with 2 mM ammonium molybdate, activity almost doubled to 12:2 AE 0:3 U/mL (n ¼ 3, p < 0:05). Replacement with other metal ions, iron(II) sulfate, copper(II) nitrate, manganese chloride, zinc chloride and sodium chloride, did not affect activity. The YPBGL medium consisted of 2% polypepton, 2% yeast extract, 0.5% extract bonito, 10% D-glucose, 10% lactose, 8% CaCO 3 , and 2 mM hexaammonium heptamolybdate tetrahydrate (pH not adjusted).
The bacterium was cultivated in test tubes (240 oscillations/min) and shaking flasks (500 mL, 120 oscillations/min), containing various volumes of YPBGL medium, and the prepared resting cells were incubated for 3 d. LacA production decreased in proportion with the increase in volume of the medium (5, 10, 15 mL) in the test tube. We suggest that oxygen is required to achieve high activity levels. Conversely, in the shaking flask, LacA production by the cells cultivated in 100 mL of medium was 4 times higher than in 50 mL. This also confirms the positive effects of oxygen, because the surface of the 100-mL medium experiment was turned over, whereas that of the 50-mL experiment only swayed. The best conditions were as follows: 100 mL of YPBGL culture (100 mL in a 500-mL shaking flask) shaken (120 oscillations/min) at 28 C for 3 d. The activity of the cells under these conditions reached 16:4 AE 2:0 U/mL (n ¼ 3). This value is 40 times higher than that under YPGL medium.
The reaction conditions were investigated for oxidized lactose by resting cells. The effects of temperature were studied by incubating resting cells (55 U/mL) with 2% lactose and 0.7% CaCO 3 in a shaking flask for 40 h at 20-40 C. LacA production was measured by high performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) to calculate the conversion ratio against lactose. 19) When lactose was oxidized at between 20 to 35 C, the higher temperature resulted in a higher conversion ratio, about 20 to 80 mol %. Over 35 C, the conversion rates decreased. The conversion ratios at 30, 32, 35, 37, and 40 C were 49, 66, 80, 58, and 40 mol % (n ¼ 2) respectively. The effects of air supply were investigated using various volumes of the reaction mixture in test tubes or shaking flasks. Contrary to the cultivation results above, the amount of media did not significantly affect LacA production. Anaerobic conditions were tested by degassing the reaction mixture in a test tube and overlaying it with mineral oil. The production of LacA fell to 65% (n ¼ 2) of that of no treatment.
The time course of LacA production is shown in Fig. 1 . In the first 8 h the reaction rate was relatively slow, because the pH at the early stage, 8.0, was higher than optimum (pH 5.5). 19 ) After 8 h, the pH shifted to about 6.0. The resting cells converted lactose to LacA at a 100 mol % yield (99:7 AE 0:3 mol %, n ¼ 3). As shown Fig. 1 . The addition of CaCO 3 kept the pH between 5.5 (optimum pH) and 8.0, and the reaction progressed efficiently under these conditions. No device for neutralization was needed, because the CaCO 3 automatically neutralized LacA. The cause of the rise in the pH after 48 h was probably a reduction in the CO 2 gas produced from CaCO 3 in the reaction mixture. The resting cells (55 U/mL) were also incubated with 5.0 or 10% lactose and CaCO 3 (1/2 equimolar of lactose) at 35 C. The reactions progressed smoothly and the yields for 5% and 10% lactose reached plateaus at 98:2 AE 0:5 mol % (91 h) and 97:2 AE 0:6 mol % (94 h) respectively (n ¼ 3). Industrial LacA production has been limited to chemical oxidation. The yield of this method is below 30%.
21) The bioconversion method is expected to produce LacA at high yield. Therefore, fungal enzymes, carbohydrate: acceptor oxidoreductase, [12] [13] [14] glucooligosaccharide oxidase, 16, 17) and cellobiose dehydrogenase 15) have been studied in connection with the production of LacA. Other bacteria, Pseudomonas aeruginosa 6) and Burkholderia cepacia, [7] [8] [9] also have been studied for LacA production. These microorganisms, however, are not suitable for food production. There are wellestablished food production processes involving acetic acid bacteria. Hence A. orientalis and other acetic acid bacteria are suitable to produce LacA for food.
